Introduction {#s0005}
============

Fabrication of composite solid electrolytes having mesoscale interface is an attractive approach for the development of high performance ionic conductors both in fundamental and application point of view [@b0005], [@b0010], [@b0015]. The absence of electrolyte leakage, light weight, ease of roll--roll fabrication and improved safety makes the composite solid electrolyte as a suitable candidate for the batteries and electrochemical cells [@b0020]. Dispersion of submicrometer insulating oxide particles such as Al~2~O~3~, Fe~2~O~3~, SiO~2~, TiO~2~ and ZrO~2~ is a well known technique to enhance the transport characteristics as well as the thermal and mechanical properties of the several modest ionic conductors at room temperature [@b0025], [@b0030], [@b0035], [@b0040], [@b0045], [@b0050]. Generally, ionic conductivity of the solid electrolytes varies with the particle size, concentration and type of the dispersoids. If the particle size of inert component is relatively large then the effect is described satisfactorily by the space charge model [@b0055], [@b0060]. If the size of particle of inert component is so small i.e. less than 100 nm then the heterogeneous doping can lead to a significant change in the bulk properties of ionic salts [@b0065]. It has been proposed that the major cause of conductivity enhancement in the composites is due to the strong interaction between matrix and additives. This type of interaction supplies an unusual disordered state of ionic salts at the interface which depends on the chemical nature and concentration of the composite components. Their morphological characters and energy of interfaces interaction possess unusual bulk properties including high ionic conductivity [@b0070], [@b0075]. The ionic conductor/oxide composites may be interpreted by the bulk effects as well as the interfacial influences [@b0080]. Several theoretical models such as space charge layer model, defect-induced order--disorder phase model and random resistor model have been developed by various investigators, satisfactorily explaining the phenomenon of composites in the field of solid state ionics [@b0085], [@b0090]. The ionic salt Na~2~SO~4~ undergoes a phase transition from room temperature phase V to phase I during heating at 250 °C whereas cooling the phase I it transforms to phase III, which subsequently leads to phase V [@b0095]. In this study a series of LDT doped Na~2~SO~4~ samples i.e. (1 − *x*) Na~2~SO~4~ − (*x*) LDT was prepared by solid state reaction method. Characterizations of these materials were performed by means of the XRD, FTIR, DTA and SEM techniques. The impacts of LDT doping on the electrical and dielectric properties of Na~2~SO~4~ have been reported.

Experimental {#s0010}
============

La doped TiO~2~ (LDT) in the ratio of 1:5 was synthesized by the procedure which has been reported previously in Ref. [@b0100]. Anhydrous Na~2~SO~4~ was used from Merck with the purity of 99.99% pure. The required amounts of the raw materials were mixed in an agate mortar and produce the series (1 − *x*) Na~2~SO~4~ − (*x*) LDT, *x* = 0--0.6. The obtained mixtures were then heated in an electrical furnace at 300 °C for 9 h with the intermittent grinding. The final mixtures were crushed to fine powder and hydraulically pelletized by applying the pressure of five tons cm^−2^.

X-ray diffraction patterns of the prepared samples were recorded by using a Miniflex-II X-ray diffractometer "Rigaku Corporation" with Cu Kα radiations in the 2*θ* range of 20^--^80° at room temperature. The unit cell parameters were calculated by using Powder-X program. FTIR analysis of the materials was done by "Interspec 2020 FTIR spectrometer" spectro lab UK, in the wave number range of 4000--400 cm^−1^.

Differential thermal analysis (DTA) was carried out by "Shimadzu DTG-60H" with heating rate of 20 °C min^−1^ from the temperature 20 to 600 °C in the nitrogen flowing atmosphere. The surface morphology samples were studied by using scanning electron microscopy "Leo 4352" at an accelerating voltage of 20 kV.

The temperature dependent electrical conductivity and dielectric measurements of the samples have been performed by using Wayne Kerr "43100" LCR meter. The heating rate of the sample was controlled by the Eurotherm C-600. To perform the above studies, opposite surfaces of the pelletized samples were sputtered by silver paste to ensure good electrical contact with electrode capacitor. The pellet was annealed between the electrode for 3 h at 420 K before the measurements in order to minimize the grain boundary resistance and to increase the electrical contact between the pellet and electrodes.

Results and discussion {#s0015}
======================

[Fig. 1](#f0005){ref-type="fig"} demonstrates the powder X-ray diffraction patterns of the pure and LDT doped Na~2~SO~4~ samples at room temperature. It can be clearly seen from the figure that two-phase nature of composite has been obtained. Doping of LDT components has no effects on the peaks position but it only declined the peaks height of the pristine Na~2~SO~4~. The observed diffraction pattern of the pure Na~2~SO~4~ sample having an orthorhombic crystal structure with the lattice constant *a* = 5.600 Å, *b* = 8.917 Å, and *c* = 6.967 Å with *α* = *β* = *γ* = 90°. Additionally some new peaks have been detected in case of the composite diffractograms (*x* = 0.2, 0.4 and 0.6), having the lattice constant *a* = 3.776 Å, *c* = 9.506 Å with *α* = *β* = *γ* = 90°, allocate the presence of LDT phase. The composites spectra (*x* = 0.2, 0.4 and 0.6) also show that there is no change takes place in the planes of pristine Na~2~SO~4~ (except the decrease in heights) with the enhancement of LDT components. The XRD result elucidates that increase in doping concentration developed stresses on the crystal lattice of the composite at microscopic level which results the decrease in crystallinity and peak intensity of samples that enhance the disorder effect. The refined unit cell parameters and unit cell volumes for the pure and doped samples are presented in [Table 1](#t0005){ref-type="table"}. Here we observed from the table that reduction in these values occurs due to the increase of LDT contents. This is because of the decrease in crystallite size as well as peak intensity of the samples with the addition of LDT particles.

FT-IR spectra of the composite samples at room temperature are presented in [Fig. 2](#f0010){ref-type="fig"}. The pure Na~2~SO~4~ sample shows the strong IR absorption band observed at the wave number 3450.60 cm^−1^ is due to the OH stretching of HSO~4~ group while a band around 2150.00 cm^−1^ assigns the *υ*~3~ of H~2~O molecule. It can be also seen from the spectra that IR band at 1134.00 cm^−1^ explains the asymmetric stretching whereas the band at 621.94 cm^−1^ allocates the asymmetric bending of the SO~4~ group. In the case of composites some new IR bands are also observed at 682.68 cm^−1^ and 528.67 cm^−1^ attributed to the LDT particles [@b0105]. The IR result summarized that the vibrational bands of water molecules present in all spectra arises from the atmospheric moisture during the KBr pellet formation. The KBr component is highly hygroscopic in nature and it can easily absorb moisture from the surrounding. It can be also seen from the spectra that increase of LDT contents, results the decrease of the sharpness of absorption band of composite samples. It is well known that decrease of sharpness of absorption bands revealed the presence of crystallographic disordering responsible for the variation in bulk properties of such composites.

[Fig. 3](#f0015){ref-type="fig"} displays the DTA curves of the pure and LDT doped Na~2~SO~4~ samples with the heating rate of 20 °C/min. The thermogram of the pure Na~2~SO~4~ shows that the endothermic peak at the temperature 250 °C corresponds to the phase transition from phase V → I [@b0095]. It is interesting to note that, introduction of LDT components into the crystal lattice of Na~2~SO~4~ induces small changes i.e. the endothermic peak of solid electrolyte has been disappeared sufficiently at higher concentration of LDT additives. This may be caused by the transformation of a crystalline phase to an interface-stabilized amorphous state which is responsible for the high ionic conduction in composite. This type of behavior was also reported previously by others in several composite systems such as TlI--TiO~2~ and Cs~3~ (H~2~PO~4~) (HSO~4~)~2~--SiO~2~ [@b0110], [@b0115].

Scanning electron micrograph for the pure Na~2~SO~4~ is shown in [Fig. 4](#f0020){ref-type="fig"}(a). After the preparation of composite, SEM micrograph of composite (*x* = 0.3) sample is presented in [Fig. 4](#f0020){ref-type="fig"}(b) to understand the distribution of LDT particles in the salt matrix. It can be seen from the micrograph that submicrometric LDT particles were distributed throughout the sulfate phase. It simply improves the grain--grain contacts and provides better mechanical properties. The SEM image of the composite sample reveals the presence of rigid surfaces in the system due to the dispersion of LDT particles. The existence of these additional surfaces and interphases enhanced the ionic conduction in composite. Such type of interactions between the ionic salts and metal oxides called as space charge layer that transform the bulk properties of solid electrolyte [@b0120].

[Fig. 5](#f0025){ref-type="fig"} exhibits electrical conductivity behavior for (1 − *x*) Na~2~SO~4~ − (*x*) LDT composite solid electrolytes at different temperatures and compositions. The conductivity was increased due to the enrichment of LDT content reaching a highest value with 40%, thereafter it decreases with further increase in amount of LDT content. High value of conductivity may be attributed either due to the formation of a highly conducting phase along the interface or the formation of a highly conducting space-charge layer along the normal conductor--insulator interface. At very high volume fractions of dispersing oxide, this type of distribution must change and acts blocking for the interfacial transport.

The temperature dependence of ionic conductivity is given by the Arrhenius expression as$$\sigma_{T} = \sigma_{0} \times \text{Exp}\left( \frac{- \mathit{Ea}}{\mathit{KT}} \right)$$where $\sigma_{0}$ is pre-exponential factor and *Ea* is the activation energy of ionic motion. As shown in [Fig. 6](#f0030){ref-type="fig"} an abrupt change in conductivity has been found in case of pristine Na~2~SO~4~ at 523 K during heating due to the phase transition from phase V to phase I. Addition of fine LDT particles leads to increase in the conductivity at given temperature with *x* up to 0.4, and thereafter reduction in conductivity occurs as we further increase the mole fraction of LDT content. The abrupt change due to order--disorder phase transition in the conductivity disappeared at higher concentration of this oxide additive and the curves tend to be straight along the whole temperature region in this study. The activation energies of conduction at high temperature regions were obtained by linear square fitting to Arrhenius plot in the temperature range 573--773 K are listed in [Table 2](#t0010){ref-type="table"}. It can be concluded from the table that activation energies were found to be composition dependent. The values of this energy were decreased with increase of dopant concentrations and follow the opposite trend of the conductivity.

Dielectric properties of solid materials can be well explained as a function of frequency of applied electric field, temperature, crystal structure and other parameters. The dielectric constant of a material is represented by$$\varepsilon = \varepsilon^{\prime} - j\varepsilon^{''}$$where $\varepsilon^{\prime}$ and $\varepsilon^{''}$ are the real and imaginary part of dielectric constant, representing the amount of energy stored in a dielectric material as polarization and energy loss respectively [@b0125], [@b0130]. The frequency dependent real part of dielectric constant ($\varepsilon^{\prime}$) can be calculated by using the relation$$\varepsilon^{\prime} = \frac{\mathit{Cpt}}{\varepsilon_{0}A}$$where *Cp* is the capacitance of the specimen in Farad (F), *t* is thickness of pellet, $\varepsilon_{0}$ is the permittivity of free space (8.854 × 10^−12^ F/m) and *A* is the area of the flat surface of the pellet.

The complex or imaginary part of the dielectric constant ($\varepsilon^{''}$) can be obtained by the equation$$\varepsilon^{''} = \varepsilon^{\prime}\tan\delta$$where $\tan\delta$ is called as the dielectric loss tangent which is proportional to the loss of energy dissipated as heat from the applied field into the sample. Dielectric constant (real and imaginary) and dielectric loss for the selected samples over various frequencies at the temperature 200 °C are depicted in [Fig. 7](#f0035){ref-type="fig"}(a)--(c). It is observed from the figure that both real and imaginary parts of dielectric constants as well as dielectric loss of the samples have been decreased exponentially with frequency and showed the frequency independent behavior at higher frequency. These properties were improved with rise in mole fraction of LDT and attain a maximum value at *x* = 0.4, later it starts to decrease with further increase of LDT contents. The increase in the value of dielectric constants is due to the increase in the ion conduction related polarization [@b0135]. The heterogeneous dispersion of LDT particles leads to a significant increase of conductivity in the low temperature region. The composition *x* = 0.6 has the more conductivity compared to the pure salt at low temperature region and has the more dielectric value. The dielectric loss is found to decrease much faster than dielectric constant in the low frequency region and the variation is same as in higher frequency region. The enhancement in dielectric loss by increasing *x* ascribed the improvement in motion of Na^+^ ions.

The phenomenon of dielectric dispersion has been well explained on the basis of Maxwell--Wagner model [@b0140], [@b0145] and Koop's phenomenological theory [@b0150]. In this model, a dielectric medium has been assumed which is made up of well conducting grains and poorly conducting grain boundaries respectively. The grains are highly conductive and have high values of permittivity, while the grain boundaries are less conductive and have smaller values of permittivity. At low frequency region grain boundaries are more effective than the grains in electrical conduction. Thinner the grain boundary results the higher value of dielectric constant. Higher values of the dielectric constant observed at lower frequencies have been also explained on the basis of interfacial/space polarization due to nonhomogeneous dielectric structure [@b0155].

High values of $\varepsilon^{\prime}$ at low frequency region irrespective of temperature of measurements can be attributed due to the accumulation of charge at the electrode and electrolyte interface, because ions are unable to exchange with silver electrodes [@b0160]. As the frequency increases, $\varepsilon^{\prime}$ decreases because of high periodic reversal of the field at the interface which reduces the contribution of charge carriers toward the dielectric constant and finally, $\varepsilon^{\prime}$ saturates at high frequency giving rise to dielectric constant of the material [@b0165]. Moreover the experimental results were well explained the behavior of the dielectric properties as a function of frequency for the intermediate composition *x* = 0.3 at different temperatures in [Fig. 8](#f0040){ref-type="fig"}(a)--(c). The composite material shows the enhancement in the values of dielectric constant and dielectric loss with temperature. The maximum value of dielectric constant was obtained at the temperature 573 K under the investigated temperature. The behavior of $\varepsilon^{\prime}$ in the present investigations is typical of polar dielectric, where jump orientation effect and space charge polarization were facilitated by the increased temperature resulting in increased dielectric properties and conductivity of the composites [@b0170], [@b0175]. The dielectric constant of the composite samples as function of temperature at 300 kHz is shown in [Fig. 9](#f0045){ref-type="fig"}. The dielectric constant of the composite electrolytes increases apparently with the increase of temperature in the entire temperature range under this study. The plot shows that a sharp increase of dielectric constant takes place at 523 K over the investigated temperature. The abrupt change in dielectric constant has been verified by the conductivity and DTA measurements around the same temperature. The low value of the dielectric constant at low temperature ascribed to the electronic contribution and the absence of significant number of space-charge polarization and ionic jump orientation, which create the pathway suitable for migration of Na^+^ ions. The huge increase in the value of dielectric constant irrespective of temperature can be attributed to the number of charge carriers sharply enhanced above 523 K, and orientation of dipole has facilitated leading to increase in ionic-jump orientation and space-charge polarization [@b0180].

Conclusions {#s0020}
===========

Two phase nature of the composite material was confirmed by XRD and FT-IR analysis significantly. Thermal analysis explains that the hump of phase transition was effectively decreased which may be caused by the transformation of crystalline phase to an interface-stabilized amorphous phase. The SEM analysis screening improved surfaces and interphases responsible for the high ionic conduction. The conductivity of the composite was enhanced while activation energy was decreased as compared to the pure Na~2~SO~4~. Maximum value of conductivity and dielectric constants was observed for the *x* = 0.4 composite sample under this study. The dielectric constants and dielectric loss were enhanced with the increase of LDT component as well as the temperature, while it decreases irrespective of increasing frequency. The huge increase in the value of dielectric constant irrespective of temperature has been satisfactorily explained on the basis of ionic-jump orientation and space-charge polarization.
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![Room temperature X-ray diffractograms of (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples.](gr1){#f0005}

![Room temperature FT-IR spectra of (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples.](gr2){#f0010}

![DTA thermograms of the (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples.](gr3){#f0015}

![SEM micrograph (a) *x* = 0.0 & (b) *x* = 0.3 mol fraction of the (1 − *x*) Na~2~SO~4~ − (*x*) LDT composite solid electrolytes.](gr4){#f0020}

![Electrical conductivity as a function of composition of (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples at different temperatures.](gr5){#f0025}

![Electrical conductivity as a function of temperature of (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples.](gr6){#f0030}

![Variation of (a) real part of dielectric constant, (b) imaginary part of dielectric constant and (c) dielectric loss at 200 °C for different concentrations.](gr7){#f0035}

![Variation of (a) real part of dielectric constant, (b) imaginary part of dielectric constant and (c) dielectric loss for *x* = 0.3 mol fraction at different temperatures.](gr8){#f0040}

![Temperature dependence of dielectric constant of (1 − *x*) Na~2~SO~4~ − (*x*) LDT samples.](gr9){#f0045}

###### 

Calculated lattice parameters and unit cell volumes of the orthorhombic Na~2~SO~4~ at room temperature in the (1 − *x*) Na~2~SO~4~ − (*x*) LDT composite system.

  Sample      Lattice parameter (Å)   Unit cell volume (Å)           
  ----------- ----------------------- ---------------------- ------- --------
  *X* = 0.0   5.600                   8.917                  6.967   347.90
  *X* = 0.2   5.590                   8.934                  6.966   347.89
  *X* = 0.4   5.579                   8.946                  6.966   347.67
  *X* = 0.6   5.578                   8.945                  6.965   347.52

###### 

Activation energies of conduction in the temperature range 573--773 K of (1 − *x*) Na~2~SO~4~ − (*x*) LDT composite system.

  Sample      Activation energy (eV)
  ----------- ------------------------
  *X* = 0.0   0.50
  *X* = 0.1   0.43
  *X* = 0.2   0.44
  *X* = 0.3   0.36
  *X* = 0.4   0.34
  *X* = 0.5   0.45
  *X* = 0.6   0.52
